dCMP deaminase was partially purified from BHK-21/C13 cells grown in culture. The molecular weight of the enzyme was estimated by gel filtration and gradient centrifugation to be 130000 and 115000 respectively. The enzyme had a pH optimum of 8.4. Its activity versus substrate concentration curve was sigmoid, the substrate concentration at half-maximal velocity being 4.4mM. dCTP activated the deaminase maximally at 40uM, gave a hyperbolic curve for activity versus dCMP concentration and a Km, value for dCMP of 0.91 mM. dCTP activation required the presence of Mg2+ or Mn2+ ions. dTTP inhibited the deaminase maximally at 15pUM; the inhibition required the presence of Mg2+ or Mn2+ ions. The enzyme was very heat-labile but could be markedly stabilized by dCTP at 0.125mM and ethylene glycol at 20% (v/v) . dCMP deaminase (deoxycytidylate aminohydrolase, EC 3.5.4.12) has been partially purified and characterized from monkey liver (Scarano et al., 1962) , donkey spleen Scarano et al., 1967a,b) and chick embryo (Maley & Maley, 1964 , 1968a . The activity of the enzyme is high in rapidly dividing cells but low in non-dividing cells (Maley & Maley, 1960) . Moreover, dCMP deaminase activity fluctuates during the growth cycle of HeLa cells (Gelbard et al., 1969) , a rise occurring in late S phase and a decline in the ensuing G2 phase. These observations suggest that dCMP deaminase has a role to play in the provision of at least one precursor for DNA synthesis, dTTP [see Grav (1967) for a review of the relevant biosynthetic pathways].
The enzyme can utilize dCMP, 5-methyl-dCMP and 5-hydroxylmethyl-dCMP as substrates and has neither metal ion nor coenzyme requirements. However, it is activated by dCTP and inhibited by dTTP but only in the presence of a bivalent metal cation such as Mg2+ (Scarano et al., 1967a) . l3oth dCTP and dTIP serve as allosteric effectors binding to the deaminase at a site distinct from the substratebinding site (Scarano et al., 1967b) . Rossi et al. (1967) suggested that the enzyme exerts a regulatory function in the maintenance of nucleotide pool sizes appropriate to the physiological requirements of the cell. For example, both dCTP and dTTP are required simultaneously for DNA (Rolton, 1972; Rolton et al., 1972 Fogh & Fogh (1964) . Cell harvesting and disruption. For each routine experiment, cells in ten roller-bottles were grown to confluence (total cell number approx. 2.5 x 109) over a period of 3 days, harvested from the glass by treatment with 0.5mnM-EDTA in phosphate-buffered saline (Dulbecco & Vogt, 1954 ) and collected by low-speed centrifugation at 4°C. They were washed once in iso-osmotic buffer [0.32M-sucrose-lOmMpotassium phosphate buffer (adjusted to pH8.0 with lOmM-KH2PO4)-5mM-2-mercaptoethanol] and collected again by centrifugation. They were resuspended in a hypo-osmotic buffer [10mM-potassium phosphate (pH 8.0)-2mM-2-mercaptoethanol] and allowed to swell for 10min at 4°C. The swollen cells were disrupted in a glass homogenizer tube with two strokes of a Teflon pestle (clearance 0.075mm) by using a Tri-R Stir-R homogenizer operating at 1 lOOrev./min. Immediately after homogenization, ethylene glycol was added to a final concentration of 20% (v/v); without this addition, dCMP deaminase is labile at 4°C (see Sonoda & Endo, 1969 Assay ofdCMPdeaminase. The enzyme was assayed by a method developed from that described by Maley & Maley (1964) . The assay mixture (0.2ml) contained: [5-3H]dCMP (0.4pmol; 5uCi/pmol); dCTP (8nmol); MgC12 (0.8,umol); Tris-HCl buffer, pH8.0 (20,umol with respect to Tris), and enzyme solution as indicated in the Results section. Incubation was for 30min at 37°C and the reaction was stopped by rapid cooling to 0°C by shaking the tubes in an ice bath. Portions (5,41) were taken and applied to strips of Whatman no. 1 chromatography paper together with 5,u1 samples (lO,ug) each of nonradioactive dUMP and dCMP which served as markers. The paper strips were submitted to electrophoresis in a Shandon electrophoresis tank (Kohn model U77 SAE-3225) by using 0.05M-sodium citrate buffer, pH3.5 (prepared by addition of 0.05M-trisodium citrate to 0.05M-citric acid). A constant voltage of 300V was applied for 1 .5h from a Vokam d.c. power-supply unit. After electrophoresis, the papers were dried and the dCMP and dUMP spots located by examination in u.v. light; under these experimental conditions, the dCMP remained at the origin whereas the dUMP moved 5cm towards the anode. The spots were cut out, placed in glass vials (scintillation grade) containing lOml of a toluenebased liquid-scintillation fluid (Hayton et al., 1973) and 0.5ml of Hyamine hydroxide in 1M-methanol.
The vials were incubated for 30min at 56°C, then cooled and measured for radioactivity in the Intertechnique model SL-30 liquid-scintillation spectrometer.
Assay ofproteins used in calibration of Sephadex G-200 columns. The catalase, DNA polymerase I and lactate dehydrogenase used as marker enzymes during gel filtration on columns of Sephadex G-200 were assayed by standard techniques, catalase as described by Chance & Maehly (1955) , DNA polymerase I as described for their 'assayA' by Richardson et al. (1964) and lactate dehydrogenase as described by Kornberg (1955) . Cytochrome c in the column eluates was monitored by measurement of extinction at 412nm.
Purification of dCMP deaminase. The enzyme was precipitated from the lOOOOOg supernatant fluid by stepwise addition of solid (NH4)2SO4 at 0°C (Dawson et al., 1969) , the deaminase activity being recovered in the fraction precipitating between 40 % and 70 % (w/v) saturation with respect to (NH4)2SO4.
The precipitate was dissolved in buffer A [10mM-potassium phosphate buffer (pH8.0)-20% (w/v) ethylene glycol-5mM-2-mercaptoethanol], and the solution passed through a column (1.6cmx30cm; 60ml bed vol.) of Sephadex G-25, previously equilibrated against buffer A, at a flow rate of 25ml/h. The void volume (20ml) was collected and loaded on a column (1.7cmx 15cm; 34ml bed vol.) of DEAEcellulose, previously equilibrated with buffer A. Almost all of the loaded protein was retained by the DEAE-cellulose. The flow rate was 10-15m1/h and elution was continued at this rate by using a linearly 1974 increasing gradient (200ml) of KCI rising to 0.5 M-KCI. dCMP deaminase was eluted within an ionicstrength range 0.05-0.15 in a volume of about 30ml, immediately before the main peak of eluted protein. The column fractions containing high enzyme activity were pooled and concentrated to 6ml by using a Sartorius collodion bag mounted in a suction vessel containing buffer A, and stored at -700C.
Under the standard assay conditions, the activity of the deaminase was linear with time of incubation up to 60min and with protein concentration up to 200,g/assay. The enzyme was therefore assayed as a routine well within these limits. One unit of activity is taken as 1pmol of dCMP converted into dUMP in 30min at 37°C.
Determination of the molecular weight. The molecular weight of the dCMP deaminase was determined by gel filtration through Sephadex G-200 (Andrews, 1965) and centrifugation on sucrose density gradients (Martin & Ames, 1961) .
The column (1.4cmx90cm; 140ml bed vol.) of Sephadex G-200 was calibrated by using four standard proteins (see above) which were loaded on the column together with the purified sample (420pig of protein) of dCMP deaminase. Fractions (1 ml) were collected from the column and assayed for the different proteins.
Sucrose density gradients [4.6ml; 5-20% (w/v) sucrose in buffer A] were prepared in 5ml polypropylene centrifuge tubes and 0.1 ml samples containing dCMP deaminase (210pg of protein) and lactate dehydrogenase (25,ug of protein) were layered on top of each gradient. Gradients were centrifuged for 14h at 39000rev./min at 4°C in the SW50 swingout rotor (3 x 5ml) in the Beckman L2 ultracentrifuge. The gradients were fractionated by piercing the base ofeachtubeandcollectingsamplesdrop-wise(6drops/ fraction; 34 fractions/gradient). Enzyme activities were assayed in each fraction.
In these experiments, the molecular weights of catalase, lactate dehydrogenase, DNA polymerase and cytochrome c were taken respectively as 245000 (Sund et al., 1967) , 140000 (Goldberg, 1972) , 109000 (Englund et al., 1968) and 12400 (Andrews, 1965 (1959) .
Results

Purification ofdCMP deaminase
A purification of 50-fold was achieved as a routine, but occasionally, by selecting only peak enzyme fractions from the DEAE-cellulose column, a purification of 100-fold was attained ( Table 1 ). The overall recovery at best was about 32%. These purified preparations from DEAE-cellulose were used for enzyme kinetic studies and were stable at -70°C for at least 2 months in the presence of ethylene glycol at 20 % (v/v). In the absence of ethylene glycol the enzyme was labile and activity was lost rapidly at 4°C and above.
The purified enzyme fraction was free from phosphatase activity, which might have interfered with the assay by converting dCMP into deoxycytidine and dUMP into deoxyuridine. This was confirmed by checking the distribution of radioactivity on the paper strips after electrophoresis of samples from enzyme assays. Marker bands of cytosine, deoxycytidine, uracil and deoxyuridine did not contain radioactivity above background values. Other experiments (H. A. Rolton & H. M. Keir, unpublished work) indicated that there was no phosphatase activity that would affect deoxyribonucleoside 5'-triphosphates included in the dCMP deaminase assay.
Molecular weight of dCMP deaminase
After elution from the Sephadex G-200 column, the standard proteins and the dCMP deaminase were assayed. A semi-logarithmic plot of molecular weight against elution volume for the proteins was constructed. The molecular weight of dCMP deaminase was estimated from this linear plot to be 130000+ 10000.
After sucrose-density-gradient centrifugation and assay of dCMP deaminase and lactate dehydrogenase in the fractions obtained, the molecular weight of the deaminase was estimated to be 115000±7000. pH optimum Deaminase displayed optimum activity at pH8.6 under the standard conditions of assay. Activities at pH7.0, 8.2 and 9.0 were 60, 98 and 96% respectively of that at pH8.6.
At all pH values studied, the enzyme showed neither inhibition nor activation by salt (KCl) over the range 0-0.3M.
Activation ofdCMP deaminase by dCTP
At low substrate concentrations, the deaminase was activated by dCTP. The activation curve at 2mM-dCMP showed that the optimum concentration of dCTP was about 40pM (Fig. 1 ). When assayed with 40uM-dCTP (i.e. standard assay conditions), the enzyme activity response was hyperbolic with respect to dCMP concentration (Fig. 2a) as determined in several experiments, and gave a Km value for dCMP of 0.91 mm as measured by the method of Lineweaver & Burk (1934) (Fig. 2b) . activity without addition of Mg2+ ions. However, if lmM-EDTA was present in the assay mixture the activity was decreased by about 90 %, but it was restored to the maximum value by inclusion of Mg2+ in the range 1-5mM in the presence of 1 mM-EDTA. MII2+ ions gave a response similar to that shown by Mg2+. It seems justifiable to conclude that the presence of a bivalent metal cation is necessary for the activation effect elicited by dCTP, and that there is an amount of bivalent cation in the assay mixture sufficient to promote the activation, perhaps bound to macromolecular material in the purified enzyme fraction. [dCMP] (mM) Fig. 3 . dCMP deaminase activity as a function ofsubstrate concentration In the absence ofdCTP dCTP was omitted from the standard assay. Assays each contained 40pg of protein from one enzyme preparation (9) or 124pg from a second enzyme preparation (0).
To ensure maximum activation by dCTP 2mM-Mg2+ was included in all routine assays for dCMP deaminase.
Activity ofdCMP deaminase in the absence ofdCTP
When dCTP was omitted from the standard deaminase assay and the enzyme activity measured over a range of concentrations of dCMP, a siginoid activity-substrate concentration curve was obtained (Fig. 3) . The experiment was performed with two different batches of purified enzyme. These had different protein concentrations and one batch had been stored at -70°C for 2 months longer than the other. The substrate concentration at half the maximum velocity was 4.4±0.4mM for both enzyme preparations.
Comparison of Figs. 2 and 3 shows that the addition of dCTP to the assay mixture results in a shift of the curve at low substrate concentrations from right to left and a change in its shape from signoid to hyperbolic. Therefore dCTP increases the affinity of the enzyme for the substrate.
Inhibition of dCMP deaminase by dllP
In the presence of Mg2+ (or Mn2+), dT`TP inhibits the activity of the enzyme. At dCMP concentrations of 3mM and 6mM (Fig. 4a) The dTTP does not act as a classical competitive inhibitor. By plotting the reciprocal of the velocity of the reaction (1/vi) against the inhibitor concentration (I) at two different substrate concentrations (Dixon, 1953) , plots with a convex-upwards curve were obtained (Fig. 4b ). This agrees with the view that the deaminase is an allosteric enzyme (Scarano et al., 1967a,b) and does not behave according to classical Michaelis-Menten kinetics. 
Heat-inactivation studies
Incubation of the deaminase in the absence of substrate, dCTP and Mg2+ at 50°C, before the standard assay at 37°C resulted in rapid loss of activity (Fig. 5) . The rate of inactivation could be decreased by increasing the protein concentration or by including 0.125mM-dCTP in the preliminary incubation. Further studies showed that preliminary incubation of the enzyme at 450, or even 37°C, produced inactivation although less markedly than at 50°C.
dCMP deaminase activity in resting cells
The above experiments were all performed on preparations from cells grown just to confluence in monolayer culture. The cells could therefore be regarded as being in the final stage of the exponential phase of growth. Moreover the dCMP deaminase activity extracted from them was quite high. In an extension of these experiments, the serum concentration of the growth medium was decreased from 10% (v/v) to 0.5% (v/v) as described by Burk (1970) after confluence of growth had been attained, in order to place the cells in a state of quiescence. Under these conditions the metabolic activities of the cell decline to basal values after 4 days and dCMP deatminase activity reflects this by being barely detectable. The activities after 1, 2, 3 and 4 days in the 0.5% serum were respectively 62, 19, 6 and 0-1 % of the value found for the enzyme in exponentially growing cells.
Discussion
The dCMP deaminase partially purified from BHK-21/C13 cells has properties similar to those of the well-characterized corresponding enzymes from monkey liver (Scarano et al., 1962) , donkey spleen (Scarano et al., 1964; Geraci et al., 1967; Rossi et al., 1967; Scarano et al., 1967a,b) and chick embryo (Maley & Maley, 1964 ,1965 ,1968a . It was purified to the extent that it was free from contamination by factors that might interfere with the assay. For example, it contains no phosphatase that would affect the substrate (dCMP), the product (dUMP) or the effectors (dCTP, dTTP). Further, it seems reasonable to conclude from Figs. 2, 3 and 4 that the enzyme preparation does not contain amounts of endogenous deoxyribonucleotide that would significantly influence the activity measurements conducted in this study.
Soluble low-molecular-weight compounds would, of course, be expected to be removed during the fractionation with (NH4)2SO4 and the ensuing gel filtration on Sephadex G-25. However, it is recognized that it is possible that such compounds might still contaminate the enzyme preparation if they were firmly bound either to macromolecules co-fractionating with the deaminase or to the deaminase itself. Thus it was not possible to demonstrate the requirement for a bivalent metal cation in the dCTP activation and dTTP inhibition effects unless EDTA was added to the assay; it therefore seems likely that bound bivalent metal cations were present.
The observations do not exclude the additional possibility that proteins (or other macromolecules) other than dCMP deaminase in the enzyme preparation could interact with the deaminase and thereby modify its activity. From that point ofview it would be ideal to purify the enzyme to homogeneity, but this was not feasible owing to the relatively small amounts of starting material available and to the rather poor recovery of enzyme (about 30%; Table 1) after only three purification steps. Geraci et al. (1967) purified the dCMP deaminase of donkey spleen to 95% homogeneity but achieved only 5 % recovery.
The molecular weight of the deaminase was 130000±10000 as determined by gel filtration and 115000+7000 as determined by centrifugation on sucrose density gradients. These results suggest that the enzyme has a molecular weight close to that of the dCMP deaminase of donkey spleen, which was found by Geraci et al. (1967) to be 122000+10000.
Other properties of the BHK-21/C13 cell deaminase were similar to those of the corresponding 1974 enzymes from chick embryo (Maley & Maley, 1964) and donkey spleen Scarano et al., 1967a) . It displayed conventional MichaelisMenten kinetics in the presence of dCTP (Fig. 2) and in the absence of this activator a sigmoid curve was obtained for the plot of activity against substrate concentration (Fig. 3) . The corresponding double-reciprocal plots (Lineweaver & Burk, 1934) gave straight lines when dCTP was present in the assay (Fig. 2) and curves (concave upwards) when it was omitted. Therefore, at the substrate concentrations used in these experiments, dCTP increased the affinity of the enzyme for the substrate. In contrast, dTTP was inhibitory and Dixon (1953) plots gave curves that were concave upwards (Fig. 4) . A bivalent metal cation was necessary for both activation and inhibition effects.
The observations with dCTP and dTTP agree with those of Scarano et al. (1967a,b) , who concluded that they act as allosteric effectors, binding at regulatory sites on the deaminase in complexes with Mg2+.
dCMP deaminase is very heat-labile and one must suppose that the resistance to heat-inactivation afforded by the inclusion of dCTP and Mg2+ in the preparation during heating is attributable to the enzyme being stabilized by binding of the Mg2+-dCTP complex.
The substantial decrease of deaminase activity in cells maintained in medium containing the low concentration of serum, is expected. For example, Maley & Maley (1960) showed that the enzyme is essentially absent from normal rat liver, but that it is measurable as early as 12h after partial hepatectomy and rises to a maximum value at about 48 h. The activity then declines to the extremely low values found in normal rat liver. Further, Gelbard et al. (1969) showed that the deaminase activity of HeLa cells is up to fivefold higher in cells in late S phase than in cells early in the GI phase.
Our present results established some of the fundamental properties of the deaminase from BHK-21/ C13 cells and provide the basis for comparison of these properties with those of the corresponding enzyme from cells infected with the virus of herpes simplex (H. A. Rolton & H. M. Keir, unpublished work).
